Abstract: To ensure equal replication of the genome in every eukaryotic cell cycle, replication origins fire only once each S phase and do not fire after passive replication. Failure in these controls can lead to local amplification, contributing to genome instability and the development of cancer. To identify features of replication origins important for such amplification, we have investigated origin firing and local genome amplification in the presence of excess helicase loaders Cdc18 and Cdt1 in fission yeast. We find that S phase controls are attenuated and coordination of origin firing is lost, resulting in local amplification. Specific origins are necessary for amplification but act only within a permissive chromosomal context. Origins associated with amplification are highly AT-rich, fire efficiently and early during mitotic S phase, and are located in large intergenic regions. We propose that these features predispose replication origins to re-fire within a single S phase, or to remain active after passive replication.
Introduction
For stable genome inheritance, S phase occurs once per cell cycle, and within S phase the genome is completely and evenly replicated. Unscheduled DNA synthesis can lead to local amplification (Arias and Walter, 2007; Varshavsky, 1981) and genome instability (Schimke et al., 1986; Seo et al., 2005; Varshavsky, 1981) , and can be induced by two types of perturbation. First, depletion of G2-M cyclin-dependent kinase (CDK) activity in yeast and fruit fly, and mouse and human cell lines leads to repeated DNA doublings without mitosis (Arias and Walter, 2007; Kiang et al., 2009; Mihaylov et al., 2002) . In fission yeast Schizosaccharomyces pombe this occurs by a largely normal S phase program; given that normal S phase origins are used, periodic rounds of DNA synthesis are correlated with normal G1-S gene expression and cell mass doubling, and there is even replication of the genome (Kiang et al., 2009) . Second, dysregulation of the replication factors Cdc6 and Cdt1 brings about increased DNA content in a range of organisms (Arias and Walter, 2007; Gonzalez et al., 2006; Melixetian et al., 2004; Mihaylov et al., 2002; Vaziri et al., 2003) . Cdc6 and Cdt1 are components of the pre-replicative complex (Pre-RC) (Bell and Dutta, 2002; Kelly et al., 1993 ) that bind at replication origins and recruit the mini chromosome maintenance (MCM) complex, the likely replicative helicase (Bell and Dutta, 2002) . In fission yeast, overexpression of the CDC6 homologue cdc18 in G2 induces reinitiation of DNA synthesis up to a DNA content of about 8C-16C (Nishitani and Nurse, 1995) ; during co-overexpression with cdt1 (cdc18 cdt1 co-oe), DNA content both increases more rapidly and attains a higher ploidy level (~32C) (Gopalakrishnan et al., 2001; Nishitani et al., 2000; Yanow et al., 2001 ) (see supplementary material Table S1 for genotypes). In these cells, the S phase controls, ensuring that an origin fires no more than once per round of replication, may be abrogated, because overexpression of a cdc18 phosphorylation-site mutant brings about some local amplification, particularly at the telomeres (Mickle et al., 2007) . Therefore, we asked whether genome-wide coordination of origin firing is lost in cdc18 cdt1 co-oe, leading to local amplification, and if so, what features of replication origins might be responsible for that amplification.
Results and Discussion
We analyzed the pattern of DNA synthesis and G1-S gene expression in the presence of excess Cdc18 and Cdt1. By pulselabeling S. pombe cells with BrdU ( Fig. 1A,B ; supplementary material Fig. S1A ,B) (Sivakumar et al., 2004) or observing the G1-S gene expression marker Tos4-GFP (supplementary material Fig. S1C ) (Kiang et al., 2009 ) as cells increased their DNA content from 2C to 32C, we found that cdc18 cdt1 co-oe does not show characteristics of repeated, periodic S phases that require G1-S gene expression. Rather, it induces an extended period of continued DNA synthesis, resulting in approximately four doublings in DNA content. Since this pattern of DNA synthesis did not resemble a normal S phase, we asked whether normal S phase origins of replication were being used to replicate the genome and whether they fired in a coordinated fashion. First, we mapped the origins that become activated, using the DNA synthesis inhibitor hydroxyurea (HU) to inhibit fork progression and estimating the DNA content in the vicinity of fired origins by using whole genome DNA microarrays (Heichinger et al., 2006) (Fig. 1D,E) . We identified 796 origins that fired in cdc18 cdt1 co-oe (supplementary material Table S2 and Table S3A ). In comparing origins activated in cdc18 cdt1 co-oe versus normal mitotic S phase, we distinguished three classes: origins that fire in both (683 of 904 S phase origins), origins that fire in cdc18 cdt1 co-oe but not S phase (113) and origins that fire in S phase but not cdc18 cdt1 co-oe (221) (supplementary material Table S3A,B). The three classes of origin were similar with regard to mean AT content and intergenic size, features that are correlated with the ability to act as an autonomously replicating sequence on a plasmid (Dai et al., 2005) , mean efficiency of origin usage in a normal S phase and colocalization with sites of Pre-RC assembly in G1 (Hayashi et al., 2007) . The only difference was that the 221 origins not activated were about half as efficient as the average origin in a normal S phase (supplementary material Table S3B). We found that the majority of origins activated in cdc18 cdt1 co-oe are also active or potential origins in a normal S phase, although some less-efficient S phase origins are not activated.
Next, we investigated whether controls ensuring that origins fire only once per round of DNA replication are still operative. We analysed genomic DNA from cells at a DNA content of ~32C (equivalent to four rounds of replication) using microarrays, normalizing to the median signal ratio (Fig. 2) . If replication were equal across the genome, as in the absence of G2-M CDK (Kiang et al., 2009) , the relative signal ratio would be uniform across the genome with no significant peaks above the baseline signal ratio of one. In cdc18 cdt1 co-oe, there were nine distinct regions that were consistently amplified as peaks reaching 1.6-to 4-fold over 3048 Journal of Cell Science 123 (18) Fig. 1 . BrdU pulse labeling and mapping origins in re-replication of a cdc18 cdt1 co-oe strain. (A)Depletion of thiamine allows co-overexpression of cdc18 and cdt1, which are under control of the strong thiamine-repressible promoter nmt1. Temperature-sensitive conditional mutant cdc25-22 cells arrest in G2 when put at restrictive temperature. DNA synthesis does not normally occur during G2 in the cell cycle, but is induced by co-overexpression of cdc18 and cdt1. (B)Left panels: DNA synthesis was induced in cdc25-22 cdc18 cdt1 co-oe tk hENT cells. Ten-minute pulses of 300M BrdU were performed every 30 minutes from 2.5 hours onwards after temperature shift. DNA was visualized by DAPI staining and BrdU was detected by indirect immunofluorescence. Cells with a DNA content of ~32C are shown. Right panels: cells in log phase were pulsed with 300M BrdU for 10 minutes. BrdU incorporation is seen in binucleate and recently divided cells. Most cells in a log phase culture have a DNA content of 2C because G2 is the longest phase in the cell cycle. Scale bars: 5m. (C)Cell volume (fL) was calculated by estimating the shape of the cell as a cylinder with a half-sphere at each end. Cells from all time points were binned according to their fixed cell volumes, and the percentage of cells with incorporated BrdU in each bin was plotted as a function of fixed cell volume (Kiang et al., 2009) . (D)Fluorescence-activated cell sorter (FACS) analysis. To map origins in the cdc25-22 cdc18 cdt1 co-oe strain, a protocol as described for A was followed, and HU was added prior to the onset of re-replication at 14 and 16 hours. Samples for origin mapping were collected at 18 hours when the culture without HU had replicated to a DNA content of ~8C. (E)Comparison of wild type (Heichinger et al., 2006) and cdc18 cdt1 co-oe replication profiles. f, Origins used in both normal S phase and in cdc18 cdt1 co-oe; ᭹, normal S phase origins not used in cdc18 cdt1 co-oe; *, new origins used only in cdc18 cdt1 co-oe. Regions were selected to illustrate all three types of origin. Fig. 2 . Uneven replication across the genome after cdc18 cdt1 cooverexpression. Genomic DNA from cdc18 oe or cdc18 cdt1 co-oe cells that re-replicated to a DNA content of ~32C was hybridized against reference DNA to ORF arrays. The signal was normalized to the rest of the genome. Each profile is the moving average of duplicate ORF array experiments. Peak amplitudes can vary among experiments; the nine regions that were distinct peaks with an amplitude consistently greater than 1.6 relative signal ratio over all experiments are numbered. Regions that were not consistently clear peaks >1.6 in all experiments, for example, the peak around 1 Mb from the left end of chromosome I, were not further analyzed.
baseline, and were amplified to a lesser extent when cdc18 was overexpressed alone (Fig. 2) . Two of these peaks are close to centromeres. The remaining 92% of the genome fell between a signal ratio of 0.5:1 and 1.5:1, indicating that the majority of the genome was roughly equally replicated during the four doublings in DNA content. During the extended DNA synthesis induced by cdc18 cdt1 co-oe, the majority of origins do not re-fire within a round of replication, but the nine amplified regions must contain origins that escape this control.
To determine whether the amplified regions are dependent upon specific origins, we mapped origins of replication located at the center of the two most highly amplified regions (Fig. 3A,B) . Deletion of the central origin sequence in both amplification peaks abolished amplification in these regions [origins 2040.0.0 (Fig.  3C,E) and 3049.0.0 (Fig. 3F ), equivalent to 'strong' origins 2040 and 3049, respectively (Heichinger et al., 2006) , see supplementary material Table S2 for nomenclature]. By contrast, deletion of neighboring origins under the peaks had no effect on amplification (data not shown). These data indicate that, in each region, a single specific origin drives local amplification. To test whether such an origin is sufficient to induce amplification, a 3.65 kb sequence including the AT-rich island of origin 2040.0.0 was integrated into a region of chromosome II that undergoes only limited amplification. The 3.65 kb sequence induced significantly increased amplification at this ectopic locus in a strain deleted for origin 2040.0.0 (Fig. 3E) , and in a strain containing both the endogenous origin 2040.0.0 and the ectopic origin 2040.0.0 (Fig. 3D) . Therefore, origin 2040.0.0 induces amplification outside of its normal chromosomal context. However, when this origin was inserted into a region of chromosome II that normally shows no amplification, the ectopic origin was unable to induce amplification (Fig. 3E) . In the absence of cdc18 cdt1 co-overexpression, the origin does fire in this context, albeit at about half its efficiency when located in its native position (signal ratio ~0.2:1 versus ~0.44:1) (supplementary material Fig. S2 ). We conclude that specific origins are likely to be necessary for amplification within each amplified region, and also that these origins can only induce local amplification in specific chromosomal contexts.
We next identified parameters that characterize the origins that drive amplification. Origins centered within the nine amplification peaks (Fig. 3A,B ; supplementary material Fig. S3 ) were found to share three characteristics: high AT content, efficient firing in early 3049 Origins promote DNA amplification S phase and chromosomal location within long intergenic stretches (Fig. 4) . When all S phase origins were assessed according to efficiency versus AT content, they formed a wedge-shaped distribution with a minimum AT content of ~69% required for origin activity (Fig. 4A) . Efficient origins are AT-rich, but AT-rich origins are not necessarily efficient. The nine origins centrally located in the local amplification regions are highly AT-rich, with a mean AT content of 81.0% compared with the mean for all origins of 73.8%. Their mean efficiency in S phase is 2.7-fold greater than the average for all origins and they fire early during the first quarter of a normal S phase, at 74 minutes on average. They are embedded in intergenic regions that are on average threefold longer than the mean for all S phase origins (supplementary material Table S3A,B), and 2.5-fold longer than origins of similar AT content and efficiency not associated with amplification. They also all colocalize with established sites of Pre-RC assembly (Hayashi et al., 2007) (supplementary material  Table S3B ). Among these criteria, the most predictive parameter for a central origin at an amplification peak was AT content, followed by efficiency in mitotic S phase. Therefore, there was no single predictor of origin amplification; rather, the combination of these key parameters -together with position in the chromosome -dictates amplification behaviour.
We have demonstrated that in the presence of excess helicase loaders, cell cycle controls over replication are attenuated: local amplification occurs and DNA synthesis is continuous, unaccompanied by Mlu1-binding factor (MBF)-mediated G1-S gene expression, and lacks correlation between re-initiation and increase of cell volume. Nine S phase origins have been identified that are likely to bring about this local amplification and possess specific features that allow them to escape the once-per-S-phase firing controls. We identified these features as high AT richness, early and efficient firing in a normal S phase, and location within extended intergenic regions. Our data are in general agreement with an earlier study (Mickle et al., 2007) , which related re-replication to broad genomic regions that contained more active S phase origins. We present here a more detailed analysis with fine origin mapping and test whether individual origins are responsible for amplification. We found that the origin 2040.0.0 is necessary but not sufficient for local amplification and that the ability to induce amplification is sensitive to chromosomal context. Higher-order chromosome structure has a role in the ability to amplify, as has been observed in Drosophila melanogaster (de Cicco and Spradling, 1984) . Amplifying origins might represent highly efficient S phase replication origins in a privileged chromosome context. Replication factor binding and access to replication machinery may be selectively permitted or restricted within distinct chromosomal regions, with potential influences including chromatin and subnuclear organization. In support of this model, modeling and in vivo data show that the highly efficient origins described by Heichinger and colleagues (Heichinger et al., 2006) are nucleosome-depleted with an open chromatin architecture, whereas less-efficient origins have higher nucleosome occupancy and relatively closed chromatin (Field et al., 2008; Lantermann et al., 2010) .
The origin features that are responsible for local amplification may have relevance for genome stability in other species. In support of this possibility, the chromosomal regions that overreplicate upon cdc6 cdt1 co-overexpression in mammalian cells are also the regions replicated earliest in S phase, as is the case for efficient fission yeast origins (Vaziri et al., 2003) . Our results might also be relevant for the development of cancer because NIH3T3 cells that overexpress Cdt1 accumulate structural chromosomal abnormalities (Seo et al., 2005) and form tumors in mice (Arentson et al., 2001) , while overexpression of Cdt1 in T-cells of p53-null mice leads to lymphoblastic lymphoma (Seo et al., 2005) . Origins that escape genome-wide coordination of firing may initiate such alterations to the genome. Repeated refiring of origins leads to onion-skin amplification structures (Claycomb and Orr-Weaver, 2005) . These might be resolved via recombination to multiple chromosomal copies of a given geneespecially under selective pressure (Dunham et al., 2002; Koszul et al., 2004 ) -which could eventually evolve to confer new functions (Conrad and Antonarakis, 2007; Ohno, 1970) . Repeated firing of origins with these features therefore could potentiate genome instability driving evolution, and the onset of cancer (Conrad and Antonarakis, 2007; Schimke et al., 1986) .
Materials and Methods

Strains and growth conditions
Standard growth conditions and methods were used (Moreno et al., 1991) . Experiments were performed in filtered Edinburgh Minimal Medium with supplements unless otherwise stated. The tos4-GFP S. pombe strain was grown with 3050 Journal of Cell Science 123 (18) 750 mg/l adenine to reduce autofluorescence. Cdc18 cdt1 co-oe (Yanow et al., 2001) and cdc18 oe (Nishitani and Nurse, 1995) strains were thiamine-depleted to induce rereplication. After 11 hours, the culture was shifted to restrictive temperature. Strains for pulse labeling contained tk and hENT (Sivakumar et al., 2004) ; tos4-GFP strains were as previously described (Kiang et al., 2009 ). Origins were deleted and integrated according to Bähler and colleagues (Bähler et al., 1998) .
DNA microarray experiments
Microarray design, DNA preparation, hybridizations, data acquisition and analysis, and origin mapping were as described for HU experiments (Heichinger et al., 2006) . Data analysis was on the basis of the genome sequence of June 2006, available at ftp://ftp.sanger.ac.uk/pub/yeast/pombe/Chromosome_contigs/. Microarray data are available at www.ebi.ac.uk/arrayexpress, accession number E-MTAB-139. Reference DNA was from cdc25-22 cells blocked at the restrictive temperature of 36.5°C for 4 hours, which have a DNA content of 2C. Each origin mapping profile depicts the average of two experiments using open reading frame (ORF) and intergenic tiling microarrays unless otherwise noted. Control amplification profiles in all other figures depict the clearest representative profile: for chromosomes I and II, the origin 3048.0.0 deletion strain, because deletion has no effect on amplification and the profile is unaltered (see supplementary material Fig. S4) ; for chromosome III, the origin 2040.0.0 deletion. The AT content in percent (%AT) was defined as the highest %AT in a 500 bp window (50 bp step) in the intergenic region with at least 65% AT richness that maps to or close to the origin. Intergenic length refers to the number of base pairs in the intergenic region to which the AT-rich island of the origin maps. Pre-RC colocalization with origins was analyzed as previously described (Kiang et al., 2009) .
Quantitative PCR
For quantitative PCR (qPCR), the starting quantity of DNA was estimated from the number of cycles (C t value) required to reach the threshold. Primers specific to the centers of origin 2040.0.0, ars2004 (also contained within the integrated fragments) and 3049.0.0, and adjacent and control regions were designed (available upon request). Representative data are shown.
